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Abstract. An analysis on the use of ERS1, ERS2 and 
TOPEX/Poseidon (T/P) data for the determination of a 
Mean Sea Surface (MSS) model in the Black Sea and 
the Aegean is presented. From all three satellites, the 
Exact Repeat Mission (ERM) data have been used 
spanning over a period of 12 years. The sea surface 
heights were edited for blunder detection and removal 
while an inter-comparison between the T/P data has 
been preformed as well. During the latter, a T/P valida-
tion data set was formed by stacking all 9 year of avail-
able T/P SSHs. Then, the differences between each year 
and the validation data set were estimated to identify 
patterns of sea level change during the period covered 
by the T/P data. This analysis was followed by the com-
bination of the ERS1/2 and T/P data to form an MSS 
model. Three different gridding algorithms, i.e., ordi-
nary weighted least squares, least squares collocation 
and interpolation using splines in tension were tested to 
determine the most appropriate. The gridded outputs 
were compared against the KMS2001 MSS model, 
which was used as a ground truth data set. Furthermore, 
T/P monthly, seasonal and annual SSHs have been 
compared with the best of the MSS model determined to 
identify patterns in sea level variation.  Additionally, a 
comparison of the MSS model with gravimetric quasi-
geoid heights at tide gauge (TG) stations across the 
Black Sea was conducted to assess their agreement and 
determine corrector surfaces for the transformation be-
tween altimetric and gravimetric geoid models. 
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1 Introduction 

During the last three decades altimeters on-board satel-
lites have offered a tremendous amount of measure-
ments of the ocean surface. This mapping of the oceans 
refers to the determination of the height separation be-
tween the sea surface and a reference ellipsoid. The 
measurements of sea surface, called sea surface heights 
(SSHs), are of main interest to both geodesy and ocean-
ography. In geodesy, SSHs are commonly used to de-
termine an altimetric marine geoid model and/or com-
bined gravimetric and altimetric solutions. This is feasi-

ble, since the combination of multi-satellite SSHs leads 
to the determination of a Mean Sea Surface (MSS) 
model, which approximates the geoid very closely. It is 
then just a matter of reduction of the MSS heights, actu-
ally the removal of the quasi-stationary part of the sea 
surface topography, to determine a marine geoid model.  

There have been many studies on the determination 
of MSS models (Andersen and Knudsen 1998; Ca-
zenave et al. 1996; Yi 1995), global (Lemoine et al. 
1998; Wenzel 1998) and regional geoid models (Arabe-
los and Tziavos 1996; Vergos et al. 2003) as well as on 
the recovery of gravity anomalies from altimetric meas-
urements (Andersen and Knudsen 1998; Hwang et al. 
1998; Tziavos et al. 1998). The main advantage of al-
timetric SSHs over shipborne gravity data can be 
viewed in terms of their high precision, resolution, ho-
mogeneity and global coverage. Finally, altimetric SSHs 
from the Exact Repeat Missions (ERMs) of various sat-
ellites are used in combination with MSS models to 
monitor sea level change and relate to historical and 
recent tide gauge (TG) records. A very good review on 
the applications of satellite altimetry to geodesy and sea 
level changes is given by Tapley and Kim (2001) and 
Nerem and Mitchum (2001) respectively.  

The main purpose of the present study is to a) deter-
mine a MSS model for the Black Sea and the Aegean, b) 
investigate sea level changes in the area, c) validate the 
estimated MSS models with respect to quasi-geoid 
heights at TG stations, and d) estimate corrector sur-
faces between gravimetric and altimetric geoid models.  

2 Mean Sea Surface Determination 

To achieve the goals outlined above, altimetric data 
from the ERM missions of ERS1/2 and 
TOPEX/Poseidon (T/P) have been used (AVISO 1998). 
The ERS1 data (95576 point values) come from the 35-
day ERM mission of the satellite from April 14, 1992 to 
December 13, 1993 and March 21, 1995 to May 16, 
1995 phases c and g respectively. From ERS2, six years 
worth of data have been used (368617 point values) 
covering the period from April 21, 1995 to June 16, 
2001. Finally, nine years of the T/P SSHs were em-
ployed (488634 point values) covering the period from 
October 2, 1992 to October 8, 2001. Fig. 1 depicts the 
area under study and the distribution of the altimetric 
data. 



 
Fig. 1: Area under study and distribution of ERS1, ERS2 (gray) 
and T/P (black) tracks. 

For the estimation of the MSS model, we have esti-
mated single-satellite solutions, i.e., using T/P, ERS1 
and ERS2 data only, while a combined model was de-
termined as well employing all available SSHs. For 
each of these cases, three algorithms for the prediction 
on a grid have been tested, i.e., conventional weighted 
means, with the inverse of the square of the distance of 
each point serving as its weight, splines in tension 
(Smith and Wessel 1990) and least squares collocation 
(LSC) (Moritz 1980; Knudsen 1993). Therefore twelve 
solutions have been estimated and validated in total to 
decide on a) whether single or combined models are 
preferable and b) on the most appropriate algorithm. 
The prediction of the models using splines in tension 
was based on the algorithm incorporated in the Generic 
Mapping Tools software (Wessel and Smith 1998), 
while for the estimation of the LSC models a local co-
variance function for the area, determined by Vergos et 
al. (2003) from shipborne and airborne gravity data, has 
been used.  

From the MSS models estimated it was concluded 
that the T/P only solutions (regardless of the algorithm) 
showed significant discontinuities within small areas, 
which are mainly attributed to the large cross-track 
spacing (~3o) of the T/P tracks. The ERS1 and ERS2 
models had better behavior compared to T/P (reduced 
discontinuities) but once again there were many artifacts 
in the estimated field. Finally, all single-satellite MSS 
models did not manage to depict the short-wavelength 
features of the gravity field in the area due to the pres-
ence of, e.g., the Hellenic Trench. This was expected 
due to the large cross-track spacing of the data. On the 
other hand, the estimated combined models, regardless 
of the algorithm used, managed to give a more or less 
realistic picture of the gravity field of the area. From the 
comparisons between the algorithms, it was concluded 
that the weighted means solutions, at least with the par-
ticular weight used, does not manage to predict the 
short-wavelength details of the field, while spline inter-

polation produced some artifacts. Nevertheless, the 
combined model using splines in tension, managed to 
provide a very good picture of the MSS of the area, 
which was very close to the geoid signature of the un-
derwater structures in the region. LSC is a method tradi-
tionally used in geodesy to predict gravity field related 
quantities or as a gridding algorithm. It is preferred due 
to its statistical rigorousness and the fact that it can take 
into account the local statistical characteristics of the 
area under study through the use of a local empirical 
covariance function. Therefore, it was expected that the 
LSC combined MSS model would give the best results. 
The estimated LSC combined model did not show any 
“trackiness” while no discontinuities were detected as 
well. Furthermore, it managed to depict very well all the 
structures of the gravity field of the area giving good 
detail.  

But, in order to be confident on the selection of the 
collocation solution as the MSS model for the area, a 
comparison of all available combined models was per-
formed w.r.t. the KMS01 MSS (Andersen and Knudsen 
1998). The combined solutions were overwhelmingly 
better than single-satellite ones, thus the comparisons 
with KMS01 discussed below refer only to the com-
bined models to assess the performance of the gridding 
algorithms. As an indication of the improvement that 
combined models offer, it should be mentioned that the 
standard deviation (σ) of differences between the LSC 
single-satellite ERS1, ERS2 and T/P MSS with KMS01 
reached the ±0.303, ±0.214 and ±0.332 m level respec-
tively. Table 1 presents the statistics of the differences 
between KMS01 and the estimated MSS models, before 
and after the minimization of the differences with a 3rd 
order polynomial model. In Table 1 SP denotes the 
spline, WM the weighted means and LSC the colloca-
tion MSS models respectively. It can be easily con-
cluded that the LSC MSS model gives the best agree-
ment w.r.t. KMS01 since the range is smaller by about 
23% and the σ by 16% compared to the SP model. The 
worst results are obtained when the WM model is com-
pared with KMS01, showing that this gridding algo-
rithm is inadequate. The last row in Table 1 gives the 
statistics of the LSC combined MSS model for the area 
under study, which is also depicted in Fig. 2. Thus, it 
was concluded that combined models are preferable to 
single-satellite ones, while least squares collocation was 
selected as the most rigorous algorithm to provide the 
final mean sea surface model for the area under study.  

Table 1. Statistics of differences between KMS01 and the esti-
mated MSS models. Unit: [m]. 

 max min mean σ 
before 1.505 -1.990 -0.086 ±0.208SP 
after 1.679 -1.854   0.000 ±0.200 

before 1.622 -3.121 -0.094 ±0.274 WM 
after 1.790 -3.079   0.000 ±0.266 

before 1.452 -1.219 -0.083 ±0.177 LSC 
after 1.627 -1.104   0.000 ±0.168 

LSC MSS 42.159   0.840 21.607 ±9.309 

T/P Tracks 

ERS1/2 Tracks 



 
Fig. 2: The final LSC combined MSS model. 

3 Sea Level Variations  

The next goal of this study, as outline in Sec. 1, was the 
investigation for trends in the sea level change of the 
Black and Aegean Seas for the period covered by the 
data (1992-2001). To assess that, a two-fold procedure 
was followed. Firstly, a stacked dataset from all nine 
years of T/P data was constructed and differences be-
tween that and annually stacked T/P SSHs were formed. 
Stacking is a procedure of constructing means of re-
peated altimetric profiles, which successfully manages 
to remove effects influencing the data with period 
longer than the repeat period of the satellite (Knudsen 
1992). Thus, for the 10-day repeat period of T/P, if an 
annual set of ERM data is stacked, then we manage to 
remove the ocean effects with period longer than 10 
days and shorter than one year, influencing the ERM 
data. On the other hand, if a nine-year dataset is stacked, 

then we manage to remove effects with periods between 
10 days and nine years. Thus, it can be assumed that the 
differences between an annual stacked dataset and a 
nine-year one, will be free of a) short-time (but longer 
than 10 days) phenomena and b) phenomena with a pe-
riod between one and nine years. It should be noted that 
the effect of the dynamic ocean topography is not peri-
odic thus it remains in the data. Therefore, what remains 
is the sea level variation between each year and a nine-
year mean. Plotting these differences for all nine years 
and fitting a linear trendline will yield an annual rate of 
sea level change. The second approach was to generate 
monthly and annual datasets from the T/P SSHs for the 
period 1993-2001 and then compute their differences 
w.r.t. the final MSS model estimated for the area under 
study. In the latter approach, the differences presented 
are after the removal of a trend surface, so as to remove 
or at least reduce any mean trend between the datasets 
compared. 

Fig. 3 presents a plot of the mean of the differences 
between the stacked annual T/P SSHs and the nine-year 
stacked dataset. From that figure a very small trend (-
0.4 mm/y) in sea level change can be seen, which can-
not be regarded as significant. Therefore we can con-
clude that there is no sea level change in the Black sea 
and the Aegean for the period 1993-2001. 

 Fig. 4 depicts the standard deviation of the differ-
ences between the monthly T/P datasets and the LSC 
combined MSS model for the period between January 
1993 and January 2001. In all cases the differences are 
formed as hmonthly-MSS. The black circles represent the 
highest peak of each year, while the gray ones the low-
est. It can be clearly seen that there is a very strong sea-
sonal pattern in the sea level variation, with the highs 
and lows occurring in January and June to July of each 
year, respectively. Additionally, the highest peak in sea 
level in these nine years occurs in February 1998 and 
coincides with the El Niño event (~1 cm highest than 
the other yearly peaks), while La Niña in December 
1998 does not seem to influence the sea level
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Fig. 3: Annual sea level variations from T/P SSHs. 
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Fig. 4: Sea level variations between 1993 and 2001.

in the area significantly. This is probably expected since 
the Aegean and Black Seas are more or less closed, so 
they are less influenced by ENSO events, especially if 
the influence of the latter is not so strong (like in the 
case of La Niña). Finally, it is interesting to notice that 
even though the highs in each year occur in January, 
when El Niño occurs then the high appears in February.  
From the analysis of the differences between the annual 
T/P data sets and the estimated MSS, before the removal 
of the trend surface, it was found that for the period 
1993-1995 there was of rate of sea level change of -0.33 
mm/y while between 1995 and 2000 it reversed its sign 
and was rising by about +1.5 mm/y. But, when deter-
mining the rate of sea level change for the entire period 
(1993-2001), it was found to be at the sub-mm level, 
which agrees with what was found from the differences 
between the stacked T/P datasets. This is good evidence 
that the two approaches followed, i.e., a) comparisons 
between stacked T/P datasets and b) comparisons be-
tween a MSS model and monthly/annual T/P data can 
lead to reliable results. From the results obtained, it is 
evident that there is a very strong seasonal pattern in the 
sea level variation in the area under study while no sea 
level change can be identified.  

4 Comparisons at TG stations 

The final objective of the present study is the validation 
of the estimated MSS model w.r.t. TG records available 
for the region. There is only a small amount of TG sta-
tions (seven) available all of them located in the western 
part of the Black Sea (see Fig. 5). For these stations 
gravimetric quasi-geoid heights were available (Becker 
et al. 2002; Ihde et al. 2000; Kotzev et al. 1999) so that 
a comparison with the estimated MSS model and 

KMS01 was feasible. We assume that the QSST in the 
Black Sea is small in magnitude, so that the MSS and 
the geoid coincide, therefore such a comparison is fea-
sible. Furthermore, since the TG stations are close to the 
coastline, it can be assumed that the geoid and the 
quasi-geoid coincide. The differences are minimized 
using a 2nd order polynomial models as  

( ) ( )
( ) ( ) ( )( )

TG i
1 2 i 3 i

2 2

4 i 5 i 6 i i

N N x x x

x x x v

φ φ λ λ

φ φ λ λ φ φ λ λ

− = + − + − +

+ − + − + − − +
 (1) 

where NTG is the TG quasi-geoid height, Ni denotes the 
estimated MSS model or KMS01, and x1, x2, x3, x4, x5, 
x6 are parameters to be estimated using a least squares 
method. The results of these comparisons are summa-
rized in Table 2 where the differences, both before 
(regular numbers) and after the fit (numbers in italics) 
of the polynomial model, are presented.  

From Table 2 it can be concluded that the estimated 
MSS model gives smaller differences, w.r.t. the TG gra-
vimetric geoid heights, compared to KMS01. These 
differences range from only -11 cm (for Bourgas) to 
almost -2.6 m for the TG station in Shabla. For the lat-
ter, KMS01 gives a very large difference as well (~-2 
m), so it may be possible that the estimated gravimetric 
geoid height at that station is wrong. Apart from the 
differences at the Shabla station, the rest appear very 
satisfactory, since they reach a minimum of -68 cm. 
These large differences can be due to a) the fact that the 
altimetric data were not reduced for the sea surface to-
pography and b) datum inconsistencies between the 
altimetric models and the gravimetric geoid estimated 
for the TG stations. This is especially evident for the 

Highest yearly peak in Feb. 
1998 probably due to El Niño 

Dec. 1999 La Niña event 



Varna TG station (difference of 14.2 cm after the fit), 
which was used for the definition of the Bulgarian 
height system and its connection to the Baltic system. 
This difference is very close to the one between the Bal-
tic and Black Sea height systems. After the fit of the 
transformation model, the differences range between 9 
mm and 35 cm for the estimated MSS model and 1.3 cm 
and 48 cm for KMS01. This is very encouraging for the 
methodology followed to determine the MSS model. 

Table 2. Differences between the TG geoid height, the estimated 
MSS model and KMS01. Unit: [m]. 

 NTG-NMSS NTG-NKMS01 
Constanza -0.675 -0.029 -0.445 -0.040 

Shabla -2.590 -0.185 -1.970 -0.251 
Varna -0.588 0.142 0.112 0.192 
Irakli -0.539 0.354 0.317 0.480 

Bourgas -0.108 -0.278 0.549 -0.378 
Ahtopol -0.465 -0.012 0.046 -0.017 

Mykolaiv -0.324 0.009 -0.245 0.013 

 
Fig. 5: Distribution of TG stations in the Black Sea. 

From the minimization of the differences between the 
TG geoid heights and the MSS model a corrector sur-
face has been determined (see Fig. 6) which corre-
sponds to the 6 parameters estimated by Eq. 1. The 
translation parameter between the TG geoid heights and 
the MSS model estimated is 70 cm. This trend is very 
large to be attributed to either the height difference be-
tween the Black Sea and the Baltic Height systems, the 
QSST in the Black Sea and the datum inconsistencies 
between the MSS and quasi-geoid models. A first guess 
would be that the Shabla station influences the entire 
adjustment, therefore that TG was removed and the dif-
ferences between the quasi-geoid heights and the esti-
mated MSS were once again minimized. Of course, em-
ploying Eq. 1 with six observations, leads to a system 
with a unique solution, so no actual adjustment can take 
place. Therefore a 1st order polynomial was used, which 

is described by the first three xi parameters of Eq. 1. The 
differences after the fit at each station were now found 
to be -0.156 m, -0.085m, -0.088 m, 0.368 m, -0.107 m 
and 0.068 m for the Constanza, Varna, Irakli, Bourgas, 
Ahtopol and Mykolaiv TG station, which clearly depicts 
that the Shabla station influenced strongly the rest of the 
estimated residuals. The new corrector surface is de-
picted in Fig. 6 as well, while the estimated translation 
parameter (x1) between the TG quasi-geoid heights and 
the MSS heights was now estimated at the 42.5 cm ±5.8 
cm level, which corresponds very well to the combined 
effect of the height difference between the Black Sea 
and the Baltic Height systems (27 cm), the QSST in the 
Black Sea and the datum inconsistencies between the 
MSS and quasi-geoid models. This is good evidence, 
that at least for the western part of the Black Sea, a cor-
rector surface has been determined for the transforma-
tion of altimetric geoid heights to gravimetric quasi-
geoid heights and vice versa. This is especially impor-
tant for Bulgaria and the connection between the Black 
Sea and Baltic Sea height systems. Finally, it should be 
pointed out that the estimated corrector surface is repre-
sentative for the western part of the Black Sea only, 
where TG stations were available.  

5 Conclusions 

A method of estimating a mean sea surface model has 
been presented based on an analysis of single- and 
multi-satellite datasets employing various gridding algo-
rithms. The combination of altimeter data from as many 
satellites as possible is preferable, since it manages to 
overcome the problems caused by the large cross-track 
spacing of ERM data, i.e., the discontinuities introduced 
in the estimated MSS model from the few observations 
available. Additionally, least squares collocation (em-
ploying a local covariance function) is preferred against 
weighted means and splines in tension to estimate the 
final grid, since it gives the more rigorous results with-
out introducing artifacts in the final field. Furthermore, 
LSC manages to depict the short-wavelength features of 
the gravity field of the area while WM especially 
smoothes the estimated MSS model significantly.  

From the analysis of the variations in the sea level, it 
was concluded that there is no detectable significant 
changes in the time period studied (1993-2001), since 
variations at the sub-mm level cannot be regarded as 
important. But, the sea level in the area under study has 
a seasonal pattern which is evident throughout the nine 
years covered by the present study. Additionally, it was 
possible to detect the response of the sea in the region to 
El Niño but not to La Niña, probably due to the small 
magnitude of the latter. 

Finally, from the comparisons between the MSS 
model estimated and TG quasi-geoid heights it became 
evident that the model determined is comparable to 
KMS01 and in same cases better than that, since the 
differences it provides are smaller. Finally, after the fit



            
Fig. 6: 2nd order (left) and 1st order (right) corrector surfaces between gravimetric quasi-geoid heights and altimetric geoid heights.

of 2nd and 1st degree polynomials, corrector surfaces for 
the transformation between altimetric and quasi-geoid 
heights were determined.  
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